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Abstract 
This work aimed to explore nanostructure configuration by growing multiple layers 
of strained InGaAs on GaAs high index surface. The knowledge learned would help to 
achieve a comprehensive picture of strain-driven nanostructure evolution. 
Ordered arrays of InGaAs quantum dots were demonstrated on GaAs(311)B. The 
ordering patterns depended on the thickness of GaAs interlayer between InGaAs 
Quantum Dots (QDs). With an increased interfacial thickness, a transition from two 
dimensional (2D) lateral ordering to 1D dot chains was observed.  
InGaAs growth on GaAs(311)A and GaAs(331)A ended up with 1D quantum wires 
(QWRs). Straight InGaAs QWRs were uniformly distributed across the surfaces owing to 
multiple depositions. Strain-field interaction among multilayer, high temperature 
enhanced surface mobility, and surface stability were the consequential explanation. 
Reducing the thickness of GaAs(210) interlayer spacer resulted in a transition from 
InGaAs quantum dash to arrow-like structures. Both 1D and 2D lateral ordering of 
InGaAs/GaAs(210) were observed by adjusting InGaAs coverage.  
GaAs(731)A is a surface lying inside of the stereographic triangle. Stacking 
multilayer of InGaAs resulted in a highly non-uniform QD spatial distribution. 
GaAs(731) was revealed a candidate substrate for the growth of QD clusters. Bamboo-
like nanostructures emerged upon InGaAs coverage variation; QDs aligned in clusters 
separated the “bamboo” into sections.
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Chapter 1: GaAs Crystal Structures 
1.1 Zinc-blende 
GaAs is an III-V compound semiconductor, since it forms from the element gallium 
(Ga) from group III and the element arsenic (As) from group V of the periodic table of 
elements. The GaAs crystal is composed of two sub-lattices, which are both face 
centered cubic (fcc), and spaced to each other along the big cubic diagonal by one-
fourth of the cubic diagonal. This crystal structure is known as zinc-blende, as shown in 
Figure 1.1.  
 
Figure 1.1: GaAs zinc-blende structure, lattice constant is denoted “a”[1]. 
 
1.2 Miller index 
  2 
For epitaxial growth on a GaAs substrate, it happens on a defined surface plane and the 
growth behavior is usually anisotropic along different surface directions. Therefore, it is 
very helpful to adopt a mathematical notation system, Miller index in general, to describe 
lattice planes and lattice directions. 
In a cubic system such as GaAs zinc-blende structure, three integers, symbols as h, k, and 
l, are used to express direction as [hkl], with square bracket; and plane as (hkl), with 
round bracket. Three integers in Miller index h, k, and l are determined by a method 
shown in Figure 1.2. A plane is taken shape of triangle by intercepts with x, y, z axis. 
 
Figure 1.2: Determining indices for a plane with axes x, y, z.  [2] 
 
The example in Figure 1.2 shows how to determine the Miller indices of the concerned 
plane (263). First find the intercepts of the plane cutting the axes x, y, z; then take the 
inverses of the value of intercepts; at last rearrange to lowest digits as h, k, l. If a plane 
does not intersect an axis, or the intercept is at infinity, its corresponding index is zero. 
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Take a single crystal cube, for example, Figure 1.3 illustrates surfaces of (100), (110), 
(111), and (210).  
 
Figure 1.3: Miller index assignment of (100), (110), (111) and (210). 
 
Figure 1.3 shows how the four index surfaces (100), (110), (111), and (210) intersect the 
axes in a cubic system. As for (210) on the right, the plane intersects with three axes x, y, 
z in order at ½, 1, and infinity. By taking their reciprocal, the corresponding Miller 
indices are determined (210). The three of (100), (110), and (111) are assigned as low 
index surfaces. The term “low” means all the Miller indices being small, either 0 or 1 in 
this case. There are infinite number of planes having at least one of the Miller indices 
bigger than 1, and they are nominated as high index surfaces, two examples are (263) in 
Figure 1.2 and (210) in Figure 1.3. 
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1.3 Dimensions 
The dimension (D) of nanostructures can stand for either dimension in space or electron 
confinement. For the first case, it refers to 3D-bulk, 2D-quantum well, 1D-quantum wire, 
and 0D-quantum dot. In the second case for electron confinement, it refers to 0D-bulk (0 
confinement), 1D-quantum well (confinement in one dimension), 2D-quantum wire 
(electron confined in 2dimension), and 3D-quantum dot (electrons confined from all three 
dimensions). 
In this writing, it refers to the dimension in space organization. Specifically, the growth 
concept is involved for description of nanostructure dimension. That is, 3D island, 2D 
quantum well (QW) or in-plane organizing direction, 1D quantum wire (QWR), and 0D 
quantum dot (QD).  
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Chapter 2: InGaAs Growth on Low Index GaAs Surfaces 
2.1 Introduction 
In the process of one semiconductor epitaxial growing on another, its growth front often 
shows up with morphological modulation at the nanometer scale, often as a result of the 
material system seeking for a low energy configuration. For example, the lattice constant 
for InAs is 6.06 Å, see Table 2.1, 7% bigger that that of GaAs. 
Table 2.1 Semiconductor III-V compounds parameters: 
 GaAs InAs In0.5Ga0.5As In0.4Ga0.6As In0.3Ga0.7As 
Band Gap* Eg(eV)  
At 300K 
1.43 0.36 0.81 0.92 1.04 
Lattice Constant a0(Å) 5.65 6.06 5.86 5.82 5.77 
Wavelength λ(µm) 0.89 3.52 - - - 
*Direct energy gaps were calculated by using this equation 
InxGa1-xAs = 0.356 + 0.7x + 0.4x2 [3]  Equation 1 
When a layer of InAs epitaxial grows on a GaAs substrate, the InAs epilayer will 
be compressed in-plane to keep the coherent relation with the GaAs substrate. The InAs 
epilayer is under a compressive strain. Figure 2.1 illustrates in lattice constant scale the 
growth process driven by strain. 
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Figure 2.1 Schematic illustration of strain driven growth of InAs on GaAs. 
 
The strain energy builds up further while the InAs epilayer thickens further. When a 
critical thickness is reached, the strain energy can be partly released through a transition 
of growth mode from two dimensional (2D) to three dimensional (3D). The resulted 
surface morphology is 3D islands standing on a 2D wetting layer as shown in Figure 2.1. 
The size of the islands ranges from 5nm to 50 nm. If such InAs islands are buried in a 
GaAs matrix, epitaxial quantum dots (QDs) are formed. In addition, due to the fact that 
the band gap of GaA is 4 × larger than InAs, the GaAs carriers could be confined in 3 
dimensions.  
Unstrained a: 
InAs > GaAs 
Strained a: 
InAs = GaAs 
compression 
Critical 
thickness 
Strain released  
InAs ≥ GaAs 
islands 
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InGaAs is an alloyed III-V compound semiconductor, taking the zinc-blende bulk 
structure the same as GaAs. The lattice constant of InGaAs is also bigger than that of 
GaAs. However, the lattice mismatch between InGaAs and GaAs linearly depends on the 
percentage of In element in the material. For example, the lattice mismatch changes from 
7% between InAs and GaAs to 3.5% between In0.5Ga0.5As and GaAs.  
InGaAs growth with lattice mismatch on GaAs surfaces had been extensively 
investigated as a typical system for strain-driven heteroepitaxy [4-12, 15-16, 19-24]. For 
In content less than 0.3, the growth usually proceeds in a layer-by-layer fashion and the 
resulting two-dimensional (2D) quantum wells (QWs) act as the active layer for many 
optoelectronic devices. For In content more than 0.3, the growth behaviors become more 
sensitive to the substrate orientations.  
 
2.2 On GaAs(100)  
On GaAs(100), an extensively investigated surface orientation, the InGaAs growth 
proceeds in a fashion of 2D layering plus nanoscale 3D islanding. The resulting 3D 
islands buried in the GaAs matrix, so called quantum dots (QDs), became a focus of the 
compound semiconductor research in the past 15 years for their rich spectrum of 
optoelectronic applications [4-7].  
Generally, InGaAs QDs are randomly distributed on the GaAs (100) surface due to the 
stochastic nature of the strain-driven growth. Stacking multiple layers of InGaAs QDs 
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with certain GaAs interlayer spacers leads to vertical alignment of QDs in regulated order 
as shown in Figure 2.2.  
 
Figure 2.2: Schematic of the role for stacking multiple layer QDs. 
 
Upon forming of the first InAs island on the right in Figure 2.2, and the GaAs spacer 
layers are added on, the GaAs atoms right above the island are stretched in size to keep 
the coherent relation with the connected InAs atoms underneath. With these stretched 
GaAs atoms, the upcoming InAs atoms are likely to grow right in this area due to the 
atomic size match. Following this principle QDs align up in vertical after certain layers of 
growth. Stacking multiple layers of InGaAs QDs with certain GaAs interlayer spacers 
also leads to lateral self-alignment along the [01-1] direction. Figure 2.3 shows the 
topmost surface morphology and illustrates the lateral self-ordering in a layer-by-layer 
manner. 
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Figure 2.3: Atomic Force Microscopic (AFM) images of InGaAs/GaAs (100) illustrating the 
work of multilayer growth on the transition to QD chains [8]. 
 
In MBE growth aspect, the term coverage refers to the deposition quantity of the material 
that produces significant quantum structures. In this study, InGaAs was the only material 
being deposited and quantified by monolayer (ML). During nanostructure growth, the 
depositing process was controlled in a certain speed, 1 ML/second for example. 
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To the result shown in Figure 2.3, the growth coverage was set at 9.0 MLs of In0.5Ga0.5As 
QDs with varying stacked layers, (a) single layer, (b) two layers, (c) seven layers, and (d) 
twelve layers. The nanostructure change on the growth ended surfaces exhibits the effect 
of multi-layering on the formation of QD chains [8]. Figure 2.4 shows an example of 
further modification on morphology. 
 
Figure 2.4: AFM images of topography after stacking 17 layers of 6.0ML 
In0.5Ga0.5As/GaAs(100) spaced by 60ML GaAs [9]. 
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By optimizing the growth parameters, the QDs can be self-aligned into a chain-like 
distribution and the QD chains can extend over 5μm along the [01-1] direction as shown 
in Figure 2.4. The QD chains were obtained by stacking 17 layers of 6.0 ML In0.5Ga0.5As 
QDs spaced by 60 ML GaAs. This unique topographical configuration has offered an 
interesting playing field for optical studies; and electronic anisotropy and interaction 
within and between dot chains has been demonstrated [10-12].  
 
2.3 On GaAs (110)  
Since the same amount of Ga and As atom are present on the topmost surface as shown in 
Figure 2.5, the (110) surface is the non polar plane for GaAs and InGaAs crystals. All 
other planes are polar. An electric charge is formed between a Ga-rich layer and an As-
rich layer. This is the reason for (110) becomes the natural cleavage plane for GaAs and 
InGaAs crystals.  
 
Figure 2.5: Atomic configuration of GaAs (110) [13]. 
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Generally, InGaAs on GaAs(110) growth proceeds in a layer-by-layer 2D mode without 
introducing 3D islands. The build-up strain is expected to be relaxed in a later stage 
through introducing misfit dislocations. The scanning tunneling microscopic (STM) 
image in Figure 2.6 reveals a smooth surface embedded with dark lines and monolayer 
(ML) steps after 5MLs of InAs deposition. For GaAs(100), InAs QDs usually appear 
after 1.7 ML of deposition. That is to say, the critical thickness of GaAs(100) is 1.7 ML. 
 
                Figure 2.6: STM image of 5 ML InAs grown on GaAs (110). Image dimensions: 
200 × 200nm2 [14]. 
 
2.4 On (111)A and (111)B 
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For GaAs(111), two types topmost atomic terminations are possible: (111)A is Ga-
terminated and (111)B is As-terminated. The depositions of InAs on GaAs(111)A and on 
GaAs(111)B are shown in Figure 2.7 and Figure 2.8, respectively. 
 
             Figure 2.7: STM image of 3 ML InAs grown on GaAs(111)A. Image dimensions: 
100 × 100nm2. [14] 
 
 
Figure 2.8: STM image of InAs grown on GaAs(111)B. (a) 2ML InAs and (b) 3ML InAs. 
Image dimensions: 100 × 100nm2. [15] 
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As shown in Figure 2.7 a dislocation network forms to release the buildup strain and no 
3D islands observed. For InAs deposition on GaAs(111)B as shown in Figure 2.8, the 
surface is characterized with high density of ML steps but no 3D islands are observed. To 
generate the images in Figure 2.8, a vicinal substrate had been chosen with 2 degree 
disorientation away from (111)B. A vicinal surface can be described to consist of terraces 
separated by ML steps. 
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Chapter 3: InGaAs Multilayer on GaAs High Index Surfaces 
3.1 Motivation 
As revealed in the previous chapter, the growth behavior of InGaAs on GaAs surfaces are 
sensitive to the substrate orientation. Generally the InGaAs QD structures are observed 
on GaAs(100) but not on other three low index surfaces, (110), (111)A, and (111)B. On 
the other hand, there are infinite numbers of high index surfaces, which may provide an 
unlimited opportunity to engineer distinguished nanostructure configurations. The 
successful achievement of QD chains on GaAs(100) also indicates the value of stacking 
multilayer of InGaAs on GaAs high index surfaces. Thus, the motivation of this research 
work was to explore the possibilities that the combination of the InGaAs multi-layering 
effect and the GaAs high index surfaces could offer. 
It is impossible to exhaust all possible surface indices. An approach is needed to present 
all the planes in a 3D bulk to a 2D drawing in a way the relation between planes can be 
recognized and categorize into groups to represent all of them. This approach is called the 
stereographic projection, see Figure 3.1. 
On the left side of Figure 3.1, a bulk crystal is placed in a sphere and each plane is 
represented by its normal direction. The normal directions intersect the spheres in points. 
Only low index planes are shown for understandable imagination. On the right, points on 
the sphere are connected to the back pole for being projected to the front of the paper 
plane. More high-index planes are shown on the right figure as they become visibly 
clarified for understanding [16]. 
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Figure 3.1: Stereographic projection [Ref: Lecture note of Jer-Ren Yang, Fall 2008] 
 
On the left in Figure 3.1, all planes located between two low index planes are shown in 
solid lines. And those lines divide the projected disk into 24 spherical triangles. Due to 
the high symmetric property of the GaAs zinc-blende structure, there are numerous 
equivalent planes. All GaAs planes distinguishable can be represented in a stereographic 
triangle, but with considering two type (n11) planes: (A) and (B) as shown in Figure 3.2. 
Accordingly, GaAs planes can be categorized into seven groups: two groups (A, B) 
inside the triangle, one group between (100) and (110), two groups (A, B) between (100) 
and (111), and two groups (A, B) between (110) and (111). 
In this work, five substrates with different high indices were chosen as denoted in Figure 
3.2 to represent five groups of surface planes, and to gain a better understanding on the 
orientation dependence of the strain-driven growth. 
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Figure 3.2: Stereographic triangle for GaAs crystal. The high index surfaces under 
investigation in this research are denoted by arrows. 
 
3.2 Growth substrates 
GaAs wafer was used as substrate throughout the study. All wafers were purchased from 
AXT Company and came with packaging of inert-atmosphere individually sealed 
container. Each wafer was round and 2 inches in diameter, and was specified in surface 
orientation (+/- 0.5°). For example, GaAs(210) was in immediate condition for 
experimental utilization. All substrates used in this study were cut into a size ~ 15 × 15 
mm² for the good of need and convenience, in operation and measurement. One single 
substrate orientation was employed in 5 different experiments by varying growth 
parameters. 
 
3.3 Growth by Molecular Beam Epitaxy 
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In this study, all the growths were carried out in a solid source Molecular Beam Epitaxy 
(MBE) 32P Riber system. Figure 3.3 shows a schematic diagram of the MBE growth 
chamber.  
 
Figure 3.3: Schematic diagram of MBE growth chamber [17]. 
 
All the GaAs substrates were purchased in a quality for epitaxial ready. Before being 
transported into the growth chamber the substrates were out-gassed at 350°C in the degas 
chamber to remove any water related contaminants. After being loaded into the growth 
chamber, the substrates were heated to 580°C to remove the natural oxide layer. This 
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process, named oxide desorption, was monitored by a Reflective High-Energy Electron 
Diffraction (RHEED) system that consisted of an electron gun and a fluorescent screen. 
In a RHEED system, high energy electron beam generated by the electron gun strikes on 
the crystalline-substrate surface. Certain diffracted electrons form patterns on the detector 
screen, which are functions of the real surface characteristics of studied substrate. In the 
process of oxide desorption, RHEED patterns transformed from weak and blurry to bright 
spotty or streaky indicating the expected cleanness had been achieved. The initial growth 
was a 500nm GaAs buffer once the substrate temperature reached 580°C. The GaAs 
growth rate was 1ML per second (ML/s) under a constant As beam equivalent pressure 
(BEP) of 1×10-5 Torr. The BEP was measured by the gauge for beam flow as denoted in 
Figure 3.3. The samples were under constant rotation during the growth to achieve 
uniformity on deposition across the area under investigation. The substrate temperature 
was reduced from 580°C to 540°C when it was the time for InGaAs growth, and rose 
back to 580°C when it was the time for GaAs growth. Fifteen layers of InGaAs 
nanostructures were deposited subsequently, spaced by GaAs interlayer as shown in 
Figure 3.4. All the growths were ended by an InGaAs topmost layer, which was the 16th 
layer of InGaAs for Atomic Force Microscopy (AFM) measurement for morphology.  
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Figure 3.4: Schematic of multiple layer growth 
 
The coverage of InGaAs and the thickness of GaAs spacers in terms of MLs were varied 
to study their impact on the resulting surface nanostructures. The effect of In content and 
growth temperature were studied as well. All the growth and structural parameters will be 
specified in the following chapters on specified surface indices. 
 
 3.4 Atomic Force Microscopy (AFM) 
Morphology evaluations were completed after grown-samples were transferred out of the 
MBE system. An AFM was the essential measurement facility in this study, and a Veeco 
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Dimension 3100 was used with constant force mode throughout. As a widely-used 
technology for surface analysis, AFMs share basic operation principle that is illustrated in 
Figure 3.5. 
 
Figure 3.5: Schematic illustration of AFM principle [18] 
 
When the AFM tip at the end of cantilever (see Figure 3.5) is brought very close to the 
investigated surface, the force between atoms in the tip and the measured surface can 
bend the cantilever. As the tip is scanning the surface, the reflected laser beam strikes the 
four-quadrant diode in a spot corresponding to the deflection of the bending degree of the 
cantilever. The interaction force between the tip and the sample surface, and therefore, 
the surface morphologies, are measured. 
AFM images were processed by WSxM, a software for scanning probe microscopy. 
Based on the fact that images show atomic resolution, two methods were used alternately 
for analyzing 1 or 2-dimensional images. The first one is called 2-dimensional fast 
Fourier transform (FFT), and it presents the structural pattern in common ground by 
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filtering in reciprocal space. FFT is more used in visualizing the collective dimension of 
structures. Another method used is called self-correlation or autocorrelation. It gives the 
periodicity of an integrate structure as a direct function to the imaged morphology. 
Autocorrelation evaluation is more straight forward and convenient in determining 
regulated data. 
All AFM images obtained were evaluated by morphology in x and y axis, and z axis 
characteristic was not the interest in this study. 
 
3.5 Photoluminescence Measurement 
Photoluminescence (PL) measurement was a complimentary analysis for optical 
properties of interested samples. PL is a method of probing electron configuration. When 
light, laser in this work, hits on the sample, electrons on the valence band of the sample 
can be exited into the conduction band and the recombination of electron-hole pairs 
(EHPs) can release the excess energy absorbed from laser excitation. The release of the 
excess energy, called emission of light, can be quantified as energy difference between 
two states of excitation and equilibrium. 
The PL amount depends on series of parameter settings besides in-process photon 
excitation and temperature, and it is directly proportional to the recombination 
characteristics. Because of different band gaps, when two different semiconductor 
compounds grow by MBE one layer onto another the hetero-structure results in a 
discontinuous energy band, which brings out deformation construction. QDs are the 
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unique production of this deformation behavior. The QD has a smaller band gap than that 
of surrounding materials, therefore excited electrons are easy to fall into it to reach low-
energy state. 
In this study, the PL signal was measured and related to photon wavelength, which is 
inverse related to photon energy. 
E (keV) = 1.24 / λ (nm)   Equation 2 
All the PL measurements were performed at the temperature of 10K in a closed-cycle 
helium cryostat. A Nd:YAG (yttrium aluminum garnet) laser was utilized and with the 
532 nm line to excite the continuous-wave (CW) PL. The size of the laser spot was ~20 
µm in diameter. The power for optical excitation was of ~ 10−6 – 102 mW. The PL signal 
derived from measurement was dispersed by a 0.5 m single-grating mono-chromator. The 
InGaAs photodiode detector array was used for the detection of the PL signal, and the 
detector array was cooled by liquid-nitrogen. 
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Chapter 4: InGaAs Nanostructures on GaAs (311)B 
4.1 Introduction 
As summarized in Chapter 2, most studies on QD alignments have so far focused on 
InGaAs grown on GaAs(100). Recent researchers have demonstrated that the substrate 
index plays the role of determining the patterns of lateral ordering [19-21]. A study 
demonstrated in Figure 4.1 showed such an effect of substrate orientation. 
 
Figure 4.1: AFM images of InGaAs/GaAs with different GaAs indices. Insets show 2D- 
Autocorrelation in (a) and (d). Scanning size: 2 × 2μm2 [20].  
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While QD chains were observed on the GaAs(100) surface, the QD alignments on other 
substrates indexed as (n11)B, lying in between (100) and (111)B planes, were revealed 
with 2D lateral ordering, a checkerboard like distribution. The insets in (a) and (d) are the 
autocorrelation of corresponding images, and they emphasize the 1D and 2D patterns of 
lateral ordering.  
The observed similarity for all the (n11)B substrates indicated that the growth behavior 
on one typical surface could represent all other indexed surfaces in a same group. GaAs 
(311)B was chosen in current study for the effect of GaAs spacer thickness on lateral 
alignment of QDs for the orientation group between (100) and (111)B.  
 
4.2 Two-Dimensional Ordering 
For the InGaAs layer concerned the coverage was 10 ML, and the In content was 0.4, 
which means 40% of InGa as a full part to make up the ternary compound (InGa)As, so 
as for Ga the content was 0.6. The growth temperature was 540 °C. The thickness of 
GaAs separation layer was a variable and changed  from 30 ML to 240 ML. Figure 4.2 
shows AFM images of In0.4Ga0.6As QDs grown on GaAs(311)B having these separations 
of GaAs in 30 ML, 60 ML, 120 ML, and 127.5 ML. The insets are the 2D FFT for the 
AFM images. 
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Figure 4.2: AFM images of In0.4Ga0.6As/GaAs(311)B. Coverage was 10ML. Spacers were (a) 
30ML, (b) 60ML, (c) 120ML, and (d) 127.5ML. Insets show 2D FFT. 
 
For separation of 30 ML in Figure 4.2 (a), because of the thinness of the spacer layer, the 
ranging in height was produced, thus appeared the waved modulation. The height ranging 
are marked where the arrow pairs are pointing. The waved feature was still visible with 
the separation of 60 ML in (b), also marked by arrow pairs both pointing to the hills, 
although the hills are rather mild comparing to that in (a). The mild hills were caused by 
the height range of the nanostructures. With 120 ML spacer thickness, Figure 4.2 (c) 
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shows distinct QDs in 2D lateral alignment on a clear surrounding and consistent with the 
morphology reported before [15]. As a matter of fact, 2D lateral ordering dominates in 
Figure 4.2 images. And the FFT insets further prove the fact by the appearance of peaks 
in two diagonal-positioned pairs. However, at 127.5 ML in (d) one set of the FFT peaks 
appeared stronger in brightness than the other set (see the double-arrowed line in the 
inset). This change in brightness as well as a change in pattern from square to 
parallelogram both signaled a change from 2D to 1D ordering. 
 
4.3 One-Dimensional Ordering 
Figure 4.3 shows AFM images of In0.4Ga0.6As QDs grown on GaAs(311)B by the 
separation of GaAs in layers of 135 ML, 150 ML, 180 ML, and 210 ML. The 2D Fast 
Fourier Transform (FFT) is as the inset characterizing the AFM images. Here, the 
nanostructure of QD chains has been reported on GaAs(100) before [13], and it was 
matched by both the nanostructure and FFT characterization in (a). When the spacer 
thickness was increased to 150ML, it still showed the same lateral ordering with (b). 
However, the distance of QDs was closer to each other in the chains. When spacer 
thickness was further increased to180 ML, in Figure 4.2 (c), random distribution of QDs 
started to appear among chains. As the spacer thickness was increased to 210 ML, the 
QDs lateral distribution was turning more randomly, as shown in Figure 4.2 (d), for the 
reason that the buried QDs did not extract enough strain influence on the structural 
alignment. 
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Figure 4.3: AFM images of In0.4Ga0.6As/GaAs(311)B. Coverage was 10ML. Spacers were (a) 
135ML, (b) 150ML, (c) 180ML, and (d) 210ML. Insets show 2D FFT. 
 
As a summary for the role of spacer thickness from 30 ML to 210 ML, the insets FFT 
images in Figure 4.2 and Figure 4.3 were used to estimate the strength of the QDs lateral 
ordering. Figure 4.4 illustrates the change of QDs in 1D and 2D with the change of spacer 
thickness. The solid line on the left is the variation in strength of 2D lateral ordering, 
whereas the dashed line on the right represents the variation in strength of 1D lateral 
ordering. 
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Figure 4.4: Role of spacer thickness for In0.4Ga0.6As/GaAs(311)B 
 
4.4 Two Competing Growth Mechanisms 
On the same surface, two types of lateral ordering morphology were exhibited. By 
growing more layers of GaAs between InGaAs layers, the morphological ordering 
became from 2D square-like structure to 1D chain. As shown in Figure 4.1, the different 
ordering patterns had been observed before and had been explained by the reason of two 
competing growth mechanisms: surface diffusion and strain in matrix, both are strongly 
anisotropic [19, 21, 23]. In this study, when there was thin spacer thickness, the buried-
QDs extracted elastic strain could have enough impact on QDs structure during the 
further layer growth. Therefore, the dominant growth mechanism was in the anisotropic 
matrix and resulted in 2D lateral ordering nanostructures [25]. The more layer-separation 
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of GaAs would then reduce the strain impact; the surface diffusion would lead the growth 
mechanism. For GaAs surfaces, surface diffusion usually is along a specific orientation 
and is highly anisotropic. Therefore it was expected for 1D lateral ordering to appear. 
 
4.5 Summary 
In summary, for spacer thicknesses such as 30 ML, 60 ML or 120 ML, In0.4Ga0.6As QDs 
were distributed on GaAs(311)B surface in a 2D lateral ordering. For thick spacers of 135 
ML, 150 ML or 180 ML, In0.4Ga0.6As QDs were as 1D chains on the GaAs(311)B 
surface. To explain the ordering change of 2D to 1D, anisotropic properties was taken 
into account of the matrix strain and surface diffusion in both. By varying the spacer 
thickness, this work demonstrated the control on lateral ordering, which may provide 
ways for creation of GaAs crystal in three dimensions.   
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Chapter 5: InGaAs Quantum Wires on GaAs (311)A and GaAs(331)A 
5.1 Introduction 
As demonstrated in Chapter 2 and Chapter 4, InGaAs growth on GaAs(100) and also on 
GaAs(n11)B proceed in a layer-plus-islands fashion. The resulting 3D islands are often 
referred to as QDs and hold the promise for the next generation of optoelectronic 
applications [4-7]. 1D quantum nanostructures, called quantum wires (QWRs), generally 
behave as a mediate stage between 2D QWs and 3D QDs. Besides their unique electronic 
structures, QWRs often find their applications requiring high anisotropic properties.  
However, pursuit of the QWR growth on GaAs surfaces has led to very few successes 
[26-29]. By stacking multiple layers of InGaAs with In content around 0.3 it had been 
reported that QWRs were gradually developed on GaAs(100), even though the InGaAs 
nanostructures were still in the form of QDs at the first several layers [26]. On the other 
hand, the initial growth of InGaAs can take the form of QWRs on several high index 
GaAs surfaces such as GaAs(311)A and GaAs (331)A [27, 28]. The driving force of 
QWR formation was the strong anisotropic nature of the substrates. Generally speaking, 
previous reported single-layer QWRs on GaAs(311)A and GaAs(331)A were ragged in 
extension and short in length. 
This chapter describes the modification on nanostructures grown on GaAs(311)A and 
GaAs(331)A. It is well documented that the QD uniformity both in size and in spatial 
distribution can be significantly improved through strain-field interaction introduced by 
stacking multilayer of them with appropriate interlayer [24, 30].  
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5.2 Quantum Wires on GaAs(311)A  
In this chapter, the surface morphology of GaAs (311)A and (331)A was studied via the 
consequence of InGaAs multilayer growth. During all experiments of this study the 
growth temperature of the In0.4Ga0.6As layers was controlled at 540 °C. Sixteen layers of 
In0.4Ga0.6As were grown in all, and the topmost layers were evaluated on structural 
morphology. Figure 5.1(a) and (b) show AFM images of the surface morphologies after 
In0.4Ga0.6As multi-layering on GaAs(311)A when the coverage of In0.4Ga0.6As  layers 
were 7 ML and 5.7 ML, respectively. The thickness of the GaAs interlayer was 70 ML. 
Single layer growth of QWRs had been reported previously [27]. Figure 5.2 shows the 
Scanning Tunneling Microscope (STM) images of the In0.5Ga0.5As/GaAs (311)A surface 
morphology after growing 8.0 ML of In0.5Ga0.5As in (a); and In0.4Ga0.6As in (b). The inset 
in (a) shows the schematic drawing of the shape of the InGaAs islands, which were 
randomly distributed on surface (a). The inset in (b) is the height profile along the white 
line that is drawn perpendicular to the wires. 
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Figure 5.1: AFM images of InGaAs/GaAs(311)A. Spacer was 70ML. Coverage was (a)7ML, 
and (b)5.7ML. Height profile in (c). Scanning size: 2.5×2.5µm2. Scale bar and orientation 
apply on both (a) and (b). 
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Figure 5.2: STM images of InGaAs/GaAs (311)A. Coverage was 8ML. In content in 
(a)In0.5Ga0.5As, (b) In0.4Ga0.6As. Insets show (a)schematic island, (b)height profile. [27]  
 
It was interesting that two different growths resulted with similar surface morphologies. 
Comparing images (a) in Figure 5.1 and Figure 5.2, and also (b) in both Figures, the 
similarity further proved the unique growth mode discovered on GaAs (311)A: the 
InGaAs growth first proceeded in a 2D fashion, then experienced 1D nano-structuring, 
and finally led to 3D mode. Differences between the two works were also remarkable. In 
this study InGaAs QDs were randomly distributed on a wire-like background (Figure 
5.1(a)). By reducing the InGaAs coverage from 7 ML to 5.7 ML, all the QDs disappeared 
and the high ordered QWR array emerged. The QWRs could extend several micrometers 
along [-233]. A line profile crossing the QWRs, Figure 5.1 (c), calculated the lateral 
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periodicity (LP) of QWRs after multi-layering was 67.4 nm on average, about three times 
of the lateral separation of QWRs after single-layer growth, the work done before in 
reference [27]. The observation was consistent with the strain-driven formation of QWR 
multilayer on GaAs(311)A, which had been regarded as a stable high-index surface. In 
reference [27], the QWR formation had resulted from the strain-driven surface instability 
during InGaAs growth; and the bounding facets of the QWRs had been resolved as {11 5 
2} by scanning tunneling microscopy. In this study shown in Figure 5.1, when stacking 
multiple layers of QWRs the strain-field interaction between subsequent layers of 
InGaAs QWRs led to their vertical correlation and progressively produced the QWRs. 
The QWR LP of 67.4 nm was about 3.4 times of the GaAs spacer thickness (70 ML = 
19.8 nm). Worth note, Tersoff et al [24] had theoretically predicted that the ratio of lateral 
periodicity to spacer thickness would reach 3.5 after stacking many layers. Such an 
agreement indicated the InGaAs epitaxy on GaAs(311)A may serve as a better protocol 
to study strain-driven growth physics. 
 
5.3 Quantum Wires on GaAs(331)A 
High Index Surface GaAs(331)A is located in the short side of the stereographical 
triangle, see Figure 3.2, and between (110) and (111). The surface topography after 
stacking 16 layers of In0.4Ga0.6As on GaAs(331)A was measured by the AFM in Figure 
5.3(a). The coverage of the In0.4Ga0.6As layer was 7 ML and the thickness of GaAs spacer 
was 70 ML.  
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Figure 5.3: (a) AFM image of InGaAs/GaAs(331)A. Coverage at 7ML. Spacer 70ML. (b) 
Height profile of the line crossing QWRs in (a). Scanning size: 2.5×2.5µm2. 
 
The surface shown in Figure 5.3 (a) was characterized as a regular array of uniformly 
distributed QWRs extended along [-110]. The LP of the QWR array was 57.9 nm, 
calculated by the line profile in Figure 5.3(b). Different from GaAs (311)A surface, GaAs 
(331)A itself was unstable, faceted into (110) and (111)A [31]. The InGaAs growth on 
GaAs (331)A may proceed on a corrugated surface with stripes bounded by (110) and 
(111)A facets. There the growth cannot simply be explained by strain-driven mechanism 
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and the patterns of the corrugated substrate could play a key role in determining the final 
configuration of QWRs. 
In the next experiment set, the InGaAs coverage was held at 7.0 ML and the GaAs spacer 
thickness and temperature were varied to explore new nanostructure. Figure 5.4 revealed 
the surface morphologies after 16 multiple layers growing of In0.4Ga0.6As spaced by 
GaAs in 120 ML, (a); and 50 ML, (b). In spite of other growth parameters kept the same, 
the growth temperature of the sample in Figure (c) was 560°C with spacing 70 ML. The 
insets show the individual 2D images of autocorrelation functions [32]. A scale bar of 
250 nm was applied on all three and two arrows marked the [-110] direction. 
 
When the results under the 3 growth conditions were captured, the lateral distribution of 
QWRs in Figure 5.4 (a) presented unvaried appearance in structural separation, whereas 
the continuousness of the QWRs was not extending in length. The insets indicates QWRs 
lateral distribution or spacing uniformity, more lines means more uniform. The 
uniformity of lateral distribution appeared inferior of condition in (b), even though the 
QWRs can extend several micrometers. Inferred from this, adopting right spacer 
thickness was critical in achieving a regular array of InGaAs QWRs on GaAs(331)A 
[30]. The strain-field interaction among subsequent InGaAs layers was still a key 
parameter for controllable strain-driven growth on corrugated GaAs(331)A surface. 
However, the surface corrugation complicated the strain-driven mechanism and offered 
additional flexibilities at the same time. The calculated data including the LPs of QWRs 
grown on GaAs (331)A and corresponding samples’ spacer thicknesses were summarized 
in Table 5.1.  
  38 
 
Figure 5.4: AFM images of InGaAs/GaAs (331)A. Coverage was 7.0ML. Spacers were 
(a)120ML, (b)50ML, (c)70ML with increased growth temperature. Insets show individual 
autocorrelation function. Scanning size: 2.5×2.5µm2. 
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Table 5.1: Summary data for InGaAs QWRs grown on GaAs(331)A 
LP (nm) Spacer (ML) Ratio of LP to 
Spacer 
Error (%) 
49.5 120 1.6 -54 
57.9 70 2.9 -17 
53.2 50 3.8 +9 
 
The ratios of LP to spacer thickness were also calculated. These values’ discrepancy to 
the predicted value of 3.5 in Tersoff’s theory [24] indicated that initial surface 
corrugations was indeed another important parameter to control the InGaAs growth on 
GaAs(331)A. 
Here the InGaAs growth temperature was taken as an extra variable. In all other 
experiments in this study, the growth temperature was at 540ºC. When the substrate 
temperature was increased to 560 °C during In0.4Ga0.6As growth, the regular array of 
QWRs survived with little change, as shown in Figure 5.4 (c). As one comparison to the 
previous study on (331)A, in which all the InGaAs growth was performed at 510°C, all 
the InGaAs growths in this study were performed in relative higher temperature, 540°C. 
The higher temperature in this work was the reason for the specific nanostructure 
morphology to distinguish from that in previous work [28]. Not only for GaAs(331)A, 
but also for GaAs(311)A and GaAs(100), and even GaAs(n11)B [9], most of the studied 
nanostructure arrays with long-range ordering were grown at high substrate temperatures 
around 540 °C. To achieve QWRs extending continuously over several micrometers in 
length and distributed evenly in long-range, the adatoms should have high motilities to 
reach such surface configurations with lower energies. Thus, the higher growth 
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temperature became a prerequisite to grow the regular arrays of QWRs. Moreover, by 
increasing temperature to 560°C, resulted arrays stayed the quality. 
 
5.4 Optical Properties of Quantum Wires 
PL was utilized for optical properties of the resulted InGaAs QWRs. Figure 5.5 shows the 
PL spectra from GaAs(311)A QWRs imaged in Figure 5.1(b), which had spacer thickness 
at 70 ML and coverage at 5.7 ML, and GaAs(331)A QWRs imaged in Figure 5.3 (a), 
which had spacer thickness at 70 ML, and coverage at 7 ML. 
 
Figure 5.5: 10k-PL spectra of InGaAs QWRs grown on GaAs(311)A and GaAs(331)A 
corresponded to surface morphologies in Figure 5.1(b) and Figure 5.3(a). 
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PL peak positions from QWRs were 911.2 nm for GaAs(311)A and 948.3 nm for 
GaAs(331)A. The observation of peak shift, or the change of emission wavelength, is 
driven by an increase of average height of quantum structures [33], therefore it was 
consistent with the variation on InGaAs coverage and the associated vertical quantum 
confinement. During multilayer growth, the InGaAs coverage was 5.7 ML on 
GaAs(311)A and 7.0 ML on GaAs(331)A while the rest parameters were kept identical. 
Meanwhile, the PL full width at half maximum (FWHM) outlined clearly between two 
samples and both were relatively narrow, 18.1 nm for (311)A and 35.7 nm for (331)A. 
Usually the PL band FWHM, particularly at a temperature as low as 10K used in this 
study, represents the uniformity of size distribution of the corresponding nanostructures 
[34]. Therefore, the PL data in this work was interpreted as further evidences of the 
uniformity of the QWRs achieved. It is worthy to note that by using the 532 nm line of a 
wavelength of a Nd:YAG laser approximately all the layers of InGaAs QWRs were 
excited [33]. As a result the PL profiles represented the size distribution of QWRs in the 
whole system instead of the topmost layer. On the other hand, it is also known that the 
piezoelectric effect has to be taken into account in explaining the PL band FWHM, 
especially for elongated nanostructures as QWRs on high index surfaces [34]. In 
prospect, a systematic investigation is under way for better understanding the optical 
properties of QWRs on GaAs(311)A and GaAs(331)A. 
 
5.5 Summary 
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In conclusion, by applying appropriate growth temperature, InGaAs coverage, and GaAs 
spacer thickness, multilayer of regular QWR arrays were observed on both GaAs(311)A 
and GaAs(331)A. GaAs(311)A was a stable surface and the formation of InGaAs (311)A 
QWRs  was a strain-driven phenomenon. The lateral ordering and elongation of (311)A 
QWRs during multilayer stacking could be explained in terms of strain-field interaction 
among subsequent layers. GaAs(331)A is a corrugated surface, which hence had great 
impact on the formation of InGaAs (331)A QWRs. In both cases of (311)A and (331)A, 
the developed processes to grow multilayer of regular QWR arrays were robust under 
higher substrate temperatures thereby the prerequisite of enhanced adatom mobility was 
satisfied. The achieved QWR multilayer may find applications in optoelectronics and 
electronics, especially when high anisotropic properties are required. 
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Chapter 6: InGaAs Quantum Dashes on GaAs(210) 
6.1 Introduction 
As summarized in Chapter 2, the InGaAs growth proceeds in a fashion of 2D layering 
plus nanoscale 3D islanding on GaAs(100) and a layer-by-layer 2D mode without 
introducing 3D islands on GaAs(110) [14]. On the other hand, the InGaAs growth on 
GaAs high-index substrates orientated between (100) and (110) is still a mystery.  
GaAs(210) is a typical plane located in between (100) and (110), 26.6o away from (100) 
and 18.4o away from (110). In this chapter, the growth phenomena of InGaAs multilayer 
on GaAs(210) will be revealed and lateral ordered arrays will be demonstrated. 
 
6.2 Arrays of Quantum Dashes and Arrows 
In the growth front, three (210) samples were operated with different spacers of 120ML, 
70ML, and 50ML and utilized the same In0.4Ga0.6As coverage of 7ML. Figure 6.1 is a 
morphology overview of the three samples with different thickness spacers. 
Growth under same conditions and utilizing the same parameters with the starting high-
index surfaces of GaAs(311)A and (331)A, the topmost layer nanostructure on the 
substrate of GaAs(210) exhibited different morphology. AFM images in Figure 6.1 
characterized by short and condensed dash-like structures. Individual difference is 
specified by corresponding insets. 
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Figure 6.1: AFM images of InGaAs/GaAs(210). Coverage was 7ML. Spacers: (a)120ML, 
(b)70ML, and (c)50ML.  Direction apply to all; scale and scanning size for big graphs is  
5×5µm2 and for insets is 2.5×2.5µm2 
 
Figure 6.1 (a) images the sample grown with 120 ML spacer. The topography was 
featured as quantum dashes heading along [-100] direction and the dash tails were long 
and thin. When reducing the GaAs spacer to 70 ML, strain accumulation was increased, 
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the quantum dash tails became shorter and pointy as shown in Figure 6.1 (b). Further 
increase the strain by reducing the spacer thickness to 50 ML, the InGaAs nanostructures 
became arrow-like or expanded dash-head as shown in Figure 6.1 (c). 
PL spectra for all three samples demonstrate properties in reliable intensity, see Figure 
6.2, similar with previous data on GaAs(100) and other indexed substrates [35, 36].  
According to previous reports, the narrow peaks around 960 nm and the broad peaks in 
the range of 1100-1200 nm could be respectively identified as from the 15 layers of 
buried InGaAs nanostructures and the capping InGaAs nanostructures exposed for AFM 
imaging. With reducing the thickness of GaAs spacers, the buried InGaAs nanostructures 
were getting closer to the exposed surface InGaAs nanostructures, and the optically 
excited carriers were then getting easier to transfer from the buried layers to the surface. 
The mechanism of carrier transfer [34] explains the variation of the relative intensity of 
two PL peeks from different samples. Such a hybrid of surface and buried nanostructures 
has been proposed for its potential application in bio-sensing. 
The AFM data in Figure 6.1 suggested a structural coupling and the PL data in Figure 6.2 
indicated an electronic coupling between subsequent InGaAs layers. The underlying 
physics had been well documented [37, 38]. Vertical alignment of InGaAs nanostructures 
as the result of strain field interaction among subsequent layers was expected. Reducing 
the spacer thickness caused more strain fields to transmit to the following layer; therefore 
the nature would choose a more efficient approach to relax the build-up strain. As a 
result, the quantum dashes became shorter and a transition to arrow-like nanostructures 
was observed.  
  46 
 
Figure 6.2: 10K-PL spectra of InGaAs/GaAs(210) multilayer with different spacers in 
thickness. 
 
 
6.3 Transition to Quantum Wires 
One additional (210) sample was operated with 70ML spacer and the In0.4Ga0.6As 
coverage of 5.7ML. The build-up strain energy can be more efficiently tuned by adjusting 
the InGaAs coverage. Figure 6.3 shows AFM images in two different scales for the 
sample with the InGaAs coverage of 5.7 ML, while the rest growth parameters were kept 
as same as those in the sample with space thickness of 70 ML in Figure 6.1 (b).  
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Figure 6.3: AFM images of InGaAs/GaAs (210). Spacer was 70ML. Coverage was 5.7ML. 
Scanning size (a) 2.5×2.5µm2; (b) 5×5µm2. 
 
 
Figure 6.3 (a) clearly demonstrated the morphology transition of InGaAs nanostructures, 
which were inclined being described as quantum wires in spite of the observation of 
partial height modulation. Comparing the AFM images of two samples with different 
InGaAs coverage at the same scale, the lateral separation of quantum wires in Figure 
6.3(b) was smaller comparing to that of quantum dashes in Figure 6.1(b), evidenced by 
Figure 6.4. 
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To quantitatively compare two samples’ surface morphologies, the 2D autocorrelation 
functions were calculated from AFM images, with scanning size 2.5×2.5µm2, for both 
samples and shown in Figure 6.4 [39].  
 
Figure 6.4: 2D autocorrelation functions calculated from AFM images in Fig. 6.1(b) and 
Fig. 6.3. Spacer was 70ML. Coverage was (a) 7ML; (b) 5.7ML. 
 
The sample with 7 ML coverage revealed 2D lateral ordering as in Figure 6.4 (a). The 
separation between quantum dashes along [-100] direction was 269.6 nm on average and 
the distance between quantum dashes was 128.3 nm on average. The nearest direction 
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was about 60 o away from [-100]. The surface of the sample with 5.7 ML coverage was 
characterized by 1D lateral ordering, with weak intensity of modulation along [-100], as 
shown in Figure 6.4 (b). 
The quantum wires observed were much denser and their separation was 84.5 nm on 
average. The height modulation along wires was weak but still resolved with a periodicity 
about 186.3 nm. The growth mechanism for the big changes on nanostructure 
configuration and lateral ordering upon the change of InGaAs coverage matched the one 
for the modification on morphology observed in Figure 6.1 as the function of spacer 
thickness. By reducing the InGaAs coverage from 7 ML to 5.7 ML, the build-up strain 
was also reduced and therefore the quantum dashes were elongated towards wire-like 
structures.  
 
6.4 Summary 
In conclusion, the nanostructure evolution of InGaAs/GaAs multilayer along (210) was 
investigated. Two dimensional ordered quantum dashes, and uniformly spaced quantum 
wires were observed. The results were explained in terms of strain-driven mechanism 
with considering the amount of strain built-up. The study of InGaAs nanostructures on a 
surface index between (100) and (110) could help to achieve a comprehensive 
understanding of strain-driven growth in general.  
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Chapter 7: InGaAs Quantum-Dot Clusters on GaAs(731)A 
7.1 Introduction 
The morphological evolution during InGaAs deposition on GaAs high index surfaces had 
been a subject of numerous experimental efforts for better understanding of growth 
physics and potential applications of the resulted nanostructures [27, 36, 40-45]. Most of 
the researches chose a surface index located in the stereographical triangle between two 
low index planes out of the three, (100), (110), and (111). In other words, the popular 
choice had been a surface index on the sides of the stereographic triangle defined by the 
three low index planes as shown in Figure 3.2. For example, GaAs(311),  one of the most 
popular choice, is located  between the (100) and (111) planes. Both quantum wires and 
quantum dots (QDs) were observed during the InGaAs growth on GaAs(311) [27, 36, 40, 
45]. Especially during the processes of stacking multiple layers of InGaAs/GaAs(311) 
QDs, two-dimensional or one-dimensional arrays of QDs were achieved [45]. In this 
chapter, a surface index lying within the stereographic triangle, GaAs(731)A, will be 
studied on the multilayering effect of InGaAs nanostructures. GaAs (731)A, also named 
GaAs (137)A, became particularly interesting after the dominating facets of 
InAs/GaAs(100) QDs were identified to this index [46]. These investigations had been 
performed to reveal the growth behavior of InGaAs on GaAs(100) due to the importance 
of the resulted QDs for optoelectronic applications [4-7].  
 
7.2 Quantum-Dot Clusters 
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Under the same experimental conditions and growth parameters with other substrates in 
this study,  sixteen layers of 7ML In0.4Ga0.6As nanostructures were subsequently 
deposited, partitioned by GaAs spacer in different thicknesses, 120ML, 70ML, and 
50ML. Figure 7.1 (a) shows an AFM image of the surface nanostructures after stacking 
16 layers of 7 ML In0.4Ga0.6As spaced by 120 ML GaAs interlayer.  
 
Figure 7.1: AFM images of InGaAs/GaAs(731)A. Coverage was 7ML. Spacer in (a) 120ML; 
(b) 70ML; (c) 50ML. Scanning size: 5×5µm2. Scale bar and direction apply to all. 
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The surface nanostructure in Figure 7.1 (a) was characterized as QD-consisted steps 
interrupting large terraces (demo as marked) that were free of QDs. While (731)A was 
observed as the dominating facets bounding InAs/GaAs(100) QDs, the GaAs(731)A 
surface itself was unstable. GaAs(11 5 2)A, just 2.28° away from GaAs(731)A, has lower 
surface energy according to theoretical calculation and had been observed to be a stable 
surface by Scanning Tunneling Microscopy (STM) [16]. Therefore, GaAs(731)A is better 
described as a vicinal GaAs(11 5 2)A surface, with straight steps along [-113] and ragged 
steps along [1-32] direction, see Figure 7.1. The large area of terraces free of QDs, shown 
in Figure7.1 (a), resulted from the strain-driven step bunching [32]. It had been well 
documented that QDs preferred to step regions for nucleation and growth, especially 
ragged steps due to its active reaction. The observation in Figure 7.1 (a) demonstrated 
that GaAs(731)A would be a substrate candidate for the growth of InGaAs QD clusters. 
The corresponding PL spectrum from this sample is shown in Figure 7.2. 
 
Figure 7.2: 10K-PL spectra of InGaAs/GaAs(731)A multilayer in different spacers. 
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The strong and sharp peak about 890 nm could be assigned to the InGaAs wetting layer 
(WL) covering the whole surface. The assignment was consistent with the high peak 
energy and large terraces without QDs. This was different from usual QDs reported 
where the PL peak from WL had been weak, the carriers excited in InGaAs/GaAs(731)A 
WL could not find nearby QDs to relax and therefore recombined in WL giving rise to a 
strong signal. The relatively small peak around 1020 nm was expected from the clustered 
QDs. 
By reducing the GaAs spacer thickness from 120 ML to 70 ML, more strain could 
transmit from underneath the InGaAs layers to the subsequent layers. As a result of the 
strain-driven mechanism, Figure 7.1 (b) revealed that the InGaAs QDs grew bigger in 
size and the free-of-QDs terraces disappeared. Consistently, the WL peak disappeared 
from its associated PL spectrum in Figure 7.2 and the QD peak around 1020 nm became 
dominant. Please notice, this peak was from 15 buried layers of QDs. The luminescence 
from the exposed layer of surface QDs is usually not notable, as in the PL spectrum from 
the sample with 120 ML spacer. However, the PL contribution from surface QDs can be 
enhanced when the spacer becomes thinner, as the consequence of carrier tunneling from 
the buried QDs to the surface. In line with the literature [36], the new developed PL peak 
around 1300 nm was assigned to the layer of surface QDs.  
Further reducing the GaAs spacer to 50 ML made it possible for more strain to 
accumulate to the surface and the QDs further ripped and even elongated by the direction 
[-113], as revealed in Figure 7.1 (c). Due to the thinner spacer, more carriers were able to 
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tunnel from buried layers to the surface. The PL peak from surface QDs became stronger, 
and eventually dominates the spectrum, around 1275 nm shown in Figure 7.2. 
 
7.3 Bamboo-like Nanostructure Surface 
The amount of accumulated strain was one of the keys in determining the nanostructure 
configuration in Figure 7.1 and the optical properties in Figure 7.2. Specially, the sample 
with less accumulated strain as in Figure 7.1(a) demonstrated the potential for GaAs 
(731)A to grow QD clusters. To pursue better QD clusters, a new entry was introduced 
by a sample with less InGaAs coverage, 5.7 ML, in order to reduce the total strain. The 
results are shown in Figure 7.3. 
Comparing Figure 7.3(a) to Figure 7.1(b), two samples had the same spacer thickness of 
70 ML. Upgrading the QD clusters was eventually accomplished by reducing the InGaAs 
coverage to 5.7 ML, synchronizing the reduction of the accumulated strain. The surface 
was again characterized by steps plus terraces and QD clusters decorated the ragged 
steps. Remarkably, the QDs in clusters were aligned as short chains. The resulted surface 
morphology resembled itself as a jungle of bamboo. The bunched steps along [-113] 
visualized the individual bamboo sticks and aligned QD clusters separated each stick into 
sections. The sections separated by the QD clusters had nearly equal distance along        
[-113]. Its periodicity can be better resolved in the two-dimensional image of the 
autocorrelation functions calculated from the AFM image [32]. Figure 7.3(c) shows a line 
profile along [-113] through the center of Figure 7.3(b). The separation between satellite 
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peaks revealed that the periodicity of QD clusters was about 565 nm. The separation 
between “bamboos” was not uniform but still resolved from Figure 7.3(b) of around 
1.08μm. 
 
Figure 7.3: (a) AFM image of InGaAs/GaAs(731)A. Coverage was 5.7ML. Spacer 70ML. 
Scanning size 5×5µm2; (b) 2D autocorrelation function from (a); (c) line profile along [-113] 
crossing the center of (b). Scale bar and direction apply to both (a) and (b). 
 
7.4 Summary 
For the effect of GaAs spacer thickness and InGaAs coverage, multiple layers of InGaAs 
nanostructure were stacked on GaAs (731)A. The resulted surface morphologies and 
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optical properties were sensitive to the accumulated strain. GaAs(731)A was 
demonstrated a good candidate for growing QD clusters. The possibility of QD ordering 
within clusters was revealed by AFM measurement on the sample with low InGaAs 
coverage. This study indicated the need to study InGaAs multilayer growth on GaAs 
surfaces lying inside the stereographic triangle, in order to achieve a comprehensive 
picture of strain-driven growth and pursuing novel QD configurations. 
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Chapter 8: Summary and Outlook 
The growth behavior of stacking multiple layers of InGaAs nanostructures on GaAs 
substrates was sensitive to the surface orientations. There are infinite numbers of high 
index surfaces and therefore unlimited opportunities to engineer novel morphological 
nanostructures by the surface index. In this work, all used high-index surfaces were 
categorized into seven groups in the aim of gaining a comprehensive picture of the strain-
driven growth. Only five types of indexed substrates were chosen to study, based on the 
availability at the time, and they were GaAs(311)B, GaAs(311)A, GaAs(331)A, 
GaAs(210), and GaAs(731)A. As a summary, all achievement in this study was 
illustrated in Figure 8.1: 2D QD Checkerboard, 1D QD chains, QWR arrays, QD clusters.  
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Figure 8.1: Achievement summary of InGaAs multilayer on GaAs high index surfaces. 
 
To better understand the whole picture, future investigation should go for a B-type 
substrate index lying inside the stereographic triangle such as (731)B and a substrate 
index lying between (110) and (111)B such as (331)B. 
This research was expected to stimulate more interests not only in pursuing novel 
configuration of nanostructures on GaAs high index surfaces but also in utilizing them 
for practical applications. 
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Appendix A: Description of Research for Popular Publication 
 
Nature, art, science 
Human beings have never stopped exploring the nature. By learning in exploration, 
finding in investigation, the nature becomes clearer to our understanding. 
Natural rules exist all over without exceptions. Cats can’t tell colors but have 
good night vision. A tsunami’s approach is neither preventable nor predictable. Digesting 
large amount of crab and beer results in diarrhea in some stomach, but is delightful to 
others. 
The nature is magnificent and formidable, independent and cooperative. Art work 
can be a typical example of communication and collaboration between nature and human 
being. Creative painting involves not only specific types of paper and pencil, 
accumulated experience and ability, but also the artist’s instant inspiration, which can be 
regarded as a higher level cooperation.  
Science and art are in different approach and diction but equally outstanding in 
the overall effect. Nano scale science is attracting more concentration from research 
fields. There are two reasons in general. One, excitingly, the human world keeps on 
shrinking. Newly developed nano-scale materials and corresponded technology make it 
possible for computer being hold in a hand, distance between people being never so 
close, and world traveling having no need leaving home. Two, the nano world shows 
hints of resonant to the world that caught in our sight by bare eyes. There seems no 
reason to stop exploring. 
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Recently a piece of work done by MS Microelectronic Photonics student Yanze 
Xie in Dr. Gregory Salamo’s group in University of Arkansas once again showed a 
beautiful combination of natural rule and human intelligence. Based on previous works, 
the group applied a certain experiment setup and grew nano materials on new surfaces of 
one type of semiconductor compound chip. The achievement of quantum wire and 
quantum cluster on novel substrates both enhanced and extended the knowledge within 
the research category. Moreover, this work discovered at the first time the way to obtain 
quantum clusters in a special pattern, see picture below. The bamboo-looking surface 
morphology in nano scale visions the real world jungle. Repeatedly, the nature is found 
the magic resonance all the way to the size of one billionth of the world. 
    
Resonance of creation and the nature. Left: novel nanostructure grown in Dr. Salamo’s lab 
in UA; right: nature bamboo jungle grown in South Asia. 
 
So love and work with the nature, and the nature would be more likely to display 
the magnificence. Optimist expects benefit in ways never happened before.  
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Appendix B: Executive Summary of Newly Created Intellectual Property 
 
This study both consolidated and expanded the discovery in the research field of 
multilayer growth of InGaAs on GaAs high index surface. To the interested high index 
surfaces, this study initiated and proceeded on strain-driven epitaxial growth, and would 
stimulate further research toward the comprehensive understanding. 
 Practicing on previously studied substrate with a revised set of experimental 
method, data was not only repeated but also displayed a morphological trend. Drawing on 
the trend and utilizing the revised experimental method, several typical indexed surfaces 
were investigated in the first time ever. Novel nanostructures were achieved including 
quantum-dash array and quantum clusters. 
 
 
  65 
Appendix C: Potential Patent and Commercialization Aspects of listed Intellectual 
Property Items 
 
Up to the time the thesis is written, no potential patent is seen for the research 
work finished. In the field of multilayer growth, revising of experimental method is a 
common occurrence. As to the new high index surfaces, it’s no more than an attempt or 
trend. On the other hand, the unfolded photoluminescence quality of this work shows the 
potential application on biosensor instrumentation.  
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Appendix D: Broader Impact of Research 
 
There’s no societal impact of this research visional at present. 
This research did not have adverse impact on the environment. The fabrication of 
nanostructure utilized the MBE system, which manipulated such item as high purity 
Arsenic. There would be adverse impact on the consumer of an extremely low volume of 
gaseous Arsenic if the chamber partially leaked.  
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Appendix E: Microsoft Project for MS MicroEP Degree Plan 
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Appendix F: Identification of All Software Used in Research and Thesis 
 
Computer #1: 
Model Number: Acer Aspire 3000 
Serial Number: LXA550510751700F83EM00 
Location: Home 
Owner: Yanze Xie 
Software #1:  
Name: Microsoft Office 2003 
Purchased by: Yanze Xie 
Software #2: 
 Name: Microsoft Paint 
 Purchased by: Yanze Xie 
Software #3:  
Name: WSxM 4.0 Develop 13.0 
Free downloaded by: Yanze Xie 
Software #4:  
Name: Adobe Acrobat Professional 6.0 
Purchased by: Yanze Xie 
Software #5: 
 Name: Origin 7.0 
 Purchased by: Yanze Xie 
 
 
Computer #2: 
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Model Number: Dell DHM 
Serial Number: FVT8F21 
Location: Physics Library 
Owner: Physics Department 
Software #1:  
Name: Microsoft Office 2007 
Purchased by: Physics Department 
Software #2: 
 Name: WSxM 4.0 Develop 13.0 
 Free downloaded by: Yanze Xie 
 
Computer #3: 
Model Number: Dell 
Serial Number: CN0Y1352476094ADFUA1 
Location: MicroEP student office 
Owner: MicroEP 
Software #1:  
Name: Microsoft Office 2007 
Purchased by: MicroEP 
Software #2: 
 Name: Microsoft Paint 
 Purchased by: MicroEP 
Software #3: 
 Name: WSxM 4.0 Develop 13.0 
 Free downloaded by: Yanze Xie 
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Software #4: 
 Name: Adobe Acrobat Professional 
 Purchased by: MicroEP
  
  
 
   
